The aim of this work is to characterize biodegradability of Tunisian wastewater samples collected from a conventional, an extended aeration type activated sludge, and an industrial wastewater treatment plants (dairy, slaughter house and delicatessen). The organic loading were 0.46, 0.075 and 0.1 kg BOD d À1 kg
Introduction
In order to respond to new legislation aimed to reducing the cost of treatment it is necessary to focus on the pivotal role of bacterial respiration in the aerobic treatment process. A global characterization of organic treated matter (chemical oxygen demand; COD and biological oxygen demand; BOD) and physical chemical separation methods (particulate, soluble, settling …) were generally used to evaluate the performance and optimization of biological process. However, deterministic tools of modeling developed for the last 20 yr (Activated Sludge Model; ASM) require a characterization which is related to the biological organic matter reactivity for describing correctly microbiological wastewater treatment plant (WWTP) processes. The global methods are used to estimate, with empirical correlation, the mean value of oxygen uptake and sludge production of the process. But, the characteristics of wastewater are more related to the type of influent, sewer and a retention time of wastewater in sewerage.
Respirometry is a widely used technique for the characterization of wastewater and activated sludge. It constitutes a well established procedure to assess the state of microbial activity and for calibration of microbial kinetic models [1] . Respirometric technique begins to generate much interest in process control. It is used to obtain bio kinetic characteristics which are one of the most important information sources in activated sludge process modeling. Munz et al. [2] applied respirometric techniques for the characterization of tannery wastewater and biomass in a pilot plant membrane bioreactor operating at high sludge age. As a result, the wastewater biodegradable COD was fractionated into four components: readily biodegradable, rapidly hydrolysable, slowly hydrolysable and inorganic. Edgardo et al. [3] used the respirometric techniques to study the effect of pH, phenol and dissolved oxygen (DO) concentrations on the phenol biodegradation kinetics by activated sludges. Cokgor et al. [4] evaluated the effect of mixing the effluent of a pharmaceutical plant producing acetylsalicylic acid with tannery wastewater on the biodegradation of the effluents using respirometric techniques. Buendía et al. [5] estimated the biodegradation kinetics and the different biologically degradable fractions (readily, slowly and inert fractions) of the organic wastes generated in a meat industry under both anaerobic and aerobic conditions. Caffaro et al. [6] used respirometry for evaluation of toxicity reduction of polyester manufacturing industry wastewater.
'Biodegradability' is an important parameter due to the simple fact that ecological behavior of substances and products can be better understood. Information on the degradability of chemicals may be used for hazard and risk assessment [7] .
The identification of COD fractions with different biodegradation characteristics was the major achievement in this field [8] , which enhanced the development of respirometry for COD fractionation and biodegradation kinetics [9, 10] . This also led to multicomponent models that incorporated COD fractionation and promoted the oxygen uptake rate (OUR) as the major parameter for wastewater characterization and process kinetics [11] . This approach provided a new insight to the biodegradation characteristics of domestic sewage [12] . It was successfully applied to different industrial wastewaters [13] . Mhalanga et al. [14] have characterized wastewater at the Mariannridge WWTP located in South Africa and which receives an average of 8000 m 3 d
À1
wastewater of which about 30% industrial and 70% domestic wastewater. They have used batch respirometric test to determine the readily biodegradable fractions (S S ) and heterotrophic biomass (X H ). At the end of the test, the inert soluble substrate fraction (S I ) was determined through a flocculation-filtration procedure. The inert particulate fraction was determined from the simulation model and the slowly biodegradable COD fraction (X S ) was then determined by difference. Mikosz [15] has performed the fractionation of COD on three different samples of industrial wastewater (Fruit processing plant) and also for municipal wastewater as 24 h flow-proportional composite samples. The S I fraction was calculated as 90% of filtrate COD effluent. Acetate fraction (S A ) was equal to the concentration of volatile fatty acid in the collected samples of industrial wastewater. The fermentable COD fraction (S F ) was calculated by Eq. (1).
The X H faction was determined using a maximum OUR for active X H . The X S fraction was deduced by Eq. (2).
The particulate inert COD fraction (X I ) was calculated as a difference between total COD and all other fractions.
The objective of our study is the determination of biodegradable COD fractions which is necessary for dynamic simulation of the biodegradation processes and for an effective management of wastewater treatment plant. The respirometer was used for quantifying S S and X S fractons. Batch reactor test was used for characterizing the X I and S I fractions. The samples were collected from a conventional, an extended aeration type activated sludge, and an industrial wastewater treatment plants. The fractionation results were compared to the literature in order to evaluate the variability to the organic matter fractions. 
Materials and methods

2
Description of the extended aeration WWTP
The layout of the extended aeration activated sludge WWTP is described in Fig. 2 ) is used.
Campaign measurement
For the three wastewater treatment plants, the measurement campaign data were performed on the influent, effluent, recycled sludge and in the equalization thank for the industrial wastewater with a sampling interval of 2 h. Suspended solids (SS), volatile suspended solids (VSS) and COD were analyzed according to Standard Methods [16] . COD was analyzed both on total and soluble wastewater. The samples were taken every 2 h (to 15 min interval). Three replicates were performed on each sample. Other control variables (pH, temperature, and influent, excess and recycled flow rate) were measured.
Fractionation of Tunisian wastewater organic matter
For activated sludge modeling purposes, the methods used to evaluate the readily biodegradable COD in the influent are by biological or via physicochemical assays. However, there has not been sufficient wide comparison between these methods. The main goal of this study was to investigate the performance of the main COD fractionation protocols. The respirometric test and chemical analyses were performed. The biodegradable COD fractions, subdivided into the readily (S S ) and slowly (X S ) biodegradable fractions, can be quantified by using short term respirometric tests (24 h While the samples of the two municipal WWTP were taken from influent wastewater, those of the industrial WWTP were taken from equalization tank because the effluent from three manufacturing was collected and homogenized in this tank. N-Ally-thiourea was added to the reactor during experiments to inhibit the autotrophic microorganisms. The respirometric technique at high and low initial ratio of COD/VSS (S 0 /X 0 ) was used to determine the S S and X S fraction as well as X H .
At high ratio of COD/VSS the wastewater taken from the plant was directly introduced into the reactor but at low COD/VSS, the sludge extracted from aeration tank was added to the wastewater. The OUR was determined from the measurement of DO concentrations in the air-tight vessel. When bacterial medium was kept in the vessel and circulation was stopped, no mass transfer occurred and the respiration rate could be directly deduced by measuring the decrease in DO. The vessel was automatically re-aerated for each new OUR measurement by pumping the medium from the aerated reactor. At low ratio of COD/VSS the endogen OUR (OUR endo ) was deduced before adding the substrate, the sludge was aerated about 5 h so that it got to the endogenous respiration level.
The different COD fractions were deduced for the calculated area under the curve which presented the evolution of OUR as a function of time. The sludge yield coefficient (Y H ) should be known. At the high ratio condition, the sum of biodegradable COD fractions was deduced from Eq. (3).
At low ratio condition, S S was rapidly degraded and the area under the curve OUR ¼ f(t) was directly related to the X S degraded and deduced from Eq. (4). The endogen respiration rate was deducted from total OUR, to characterize the influent wastewater.
Knowing the maximum specific heterotrophic rate (m H ) and the maximum OUR (OUR max ), the X H can be deduced by Eq. (5). 
The filtrate COD (0.45 mm) at the beginning of the test is equal to the sum of soluble COD deduced by Eq. (7).
The soluble inert fraction is equal to the filtrate COD (0.45 mm) at the end of the test (Eq. (8)).
The filtrate reactor is only used to calculate the apparent yield r app of biomass growth with the substrate initially present in the sample (Eq. (9)).
The value of r app is used to calculate the X S of COD (Eq. (10)).
The inert particulate COD fraction is calculated by Eq. (11). Table 1 summarizes the abbreviation, definition and experiment procedure for different COD fractions applied in this study.
Results and discussion
A campaign measurement was taken during a period of fractionation of organic matter. The influent flow rate, the total COD and the pH at the three WWTP were monitored. As shown in Fig. 6a and 1152e1440 mg L À1 at the third WWTP (industrial). The total COD of the second municipal WWTP was strongly variable and exceeded in one day the standard influent COD value (1000 mg L À1 ). The pH at the entry of the three WWTP varied between 7.3 and 8.4 (Fig. 6c) , not exceeding a standard pH value (6.5e8.5).
In this work COD fractions from respirometric tests are estimated by the method described above using a Y H value of 0.67 g COD g À1 COD (common literature value for ASM1 model [11] ). Fig. 7 illustrates the evolution of OUR during 20 h for a ratio COD/VSS higher than 2 g COD g À1 VSS. The respirograms for the two municipal and the industrial Tunisian WWTP indicated that they have two major peaks. 
Soluble inert COD fraction COD F;0:45 ðt f Þ fraction for the two municipal WWTP took less time than industrial wastewater. Rahman et al. [18] have used a low-cost differential manometric respirometer to assess the biodegradability of industrial wastewater. Test samples were collected from four different industrial sources, i.e., dairy, tannery, pharmaceutical and dyeing industry. The rate of biodegradation was found to be maximum for dairy industrial source while samples from dyeing industry exhibited retardation effects on the microbial biodegradation process. The OUR fingerprint of dairy wastewater shows a peak at 10 h representing the oxidation of readily-biodegradable organic constituents.
For an effective management of wastewater treatment process problems, model simulation should be used, replicating reality and implementing real-time control strategies. In order to optimize the urban wastewater treatment system and eventually the quality of the receiving water body, a reasonably and realistic description of the wastewater should be provided. With laboratory analysis one is capable of determining the two described fractions of biodegradable COD. Respirometry provides a suitable measurement method and interpretation of the biological oxygen consumption rate under well-defined experimental conditions [10] . Measuring the oxygen consumption rate allows drawing conclusions about slowly and readily biodegradable substrate concentrations in wastewater and takes into account the microbial products which are important for determination of wastewaters COD fractions. Furthermore other methods have been proposed to obtain the complete fractionation of COD in wastewater. According to ASM1, the pollutants are divided into readily and slowly biodegradable fractions, contributing to biomass growth, and the inert fraction. The batch reactor was used to determine the inert, dissolved and particulates COD fractions. The produced heterotrophic (X H ) biomass is negligible in this protocol, due to the small amount of inoculums (5 mL).
Experimental r app obtained were 0.12 for conventional WWTP, 0.14 for extended aeration activated sludge WWTP and 0.13 for industrial WWTP.
Using values of inert fraction of biomass (f P ¼ 0.2) [11] and Y H ¼ 0.67, it is possible to calculate a theoretical value of the apparent yield of biomass growth with the substrate initially present in the sample (product of the two values; 0.134). The difference between theoretical and r app could be explained by the variability to the value of f P and Y H . Current literature values of f P are between 0.08 and 0.2 and Y H are between 0.38 and 0.75 g COD g À1 COD [11] . Fig. 8 illustrates an example for the evolution of the COD during an aerated reactor fractionation test for extended aeration activated sludge WWTP. A comparison between COD fractions and the standard deviation measured by respirometry and batch reactor test are tabulated in Table 2 . The respirometry results show that the conventional influent wastewater characterized with the total COD of 778 mg L À1 including 36% S S , 20% X S and 21% X H . The batch reactor test shows that this influent wastewater including 37% S S and 41% X S . The difference between X S obtained by the two methods is due to excluding the produced X H in the determination of COD fractions in the second protocol. The extended aeration activated sludge influent wastewater characterized by respirometry with the total COD of 809 mg L À1 contains 21% readily biodegradable COD fraction, 27% X S fraction and 20% X H . The batch reactor test shows that this influent wastewater including 21% S S and 47% X S fraction. Quevauviller et al. [19] have regrouped a result of COD fractionation for 70 WWTPs and observed that the standard deviation for readily biodegradable COD was 9.2 and 8.6% of total COD for slowly biodegradable COD. A standard deviation obtained in this work is in the range of literature. The batch reactor test was also used to determine the inert COD fractions. The S I is transferred in the effluent without any modification, being not biodegradable and not settleable; for its reduction in tertiary treatment is eventually required. The obtained results showed that soluble inert fraction was 3% of total COD for conventional WWTP and 2% of total COD for extended aeration activated sludge WWTP. The X I is transferred in primary and secondary sludge, without any significant modification, being not biodegradable. The results showed that particulate inert COD fraction was close to 20% of total COD for conventional WWTP and 30% of total COD for extended aeration activated sludge WWTP. The percentage of particulate inert COD fraction of the two municipal WWTP was higher. It is more different from domestic influent inert COD fraction (4% total COD) [17] . More effort should be made for the pre-treatment of this influent before biological treatment. Wastewater of larger plants is characterized by a higher percentage of particulate inert COD. The reason is that large
WWTPs are generally associated with a longer retention time of wastewater in sewer system where the biodegradation process starts. Furthermore, the increase in the percentage of inert COD compounds in municipal wastewater is generally attributed to discharges from industrial activities [19] . The results of these studies are compared and validated with the research studies as shown in Table 3 . The low value of readily biodegradable COD fraction in literature was observed for French wastewater (6% of total COD, [20] ) and a higher value of S S was observed for Poland wastewater (63% of total COD, [15] ). The slowly biodegradable COD fractions varied between 10% of total COD in Netherlands WWTP [21] and 66% of total COD in France WWTP [20] .
The soluble inert COD fraction varied in literature between 3% of total COD in Netherlands plant [20] and 9% of total COD in Spain plant [22] . The inert COD fraction varied between 6% in Poland WWTP [15] and 50% of total COD in Netherlands WWTP [21] .
The industrial wastewater analyzed in this work by respirometry (sample from equalization thank) with total COD of 1296 mg L À1 contain 8% readily biodegradable and 66% slowly biodegradable COD fractions. The batch test show that this influent wastewater includes 8% readily biodegradable, 68% slowly biodegradable, 12% soluble inert and 13% particulate inert COD fractions. Table 4 compares results for Tunisian industrial wastewater with literature. Arslan and Ayberk [27] investigated the conventional characterization and biological treatability of wastewaters of the Izmit industrial and domestic wastewater treatment plant. This is a plant where raw domestic wastewaters and pretreated industrial wastewaters of various sectors such as drug, chemistry, yeast industries which have been discharged to collectors are treated biologically. Respirometric procedures were carried out for the assessment of organic content of wastewater. The results of COD fractionation studies indicate that the organic content of wastewater is mostly biodegradable (84e92%). The slowly biodegradable COD subdivides into S H and X S is 66e82% of the influent total COD and the readily biodegradable COD is a small fraction of the total COD content of wastewater (3e24%).
In the literature, the S S fraction varied between 3% of total COD [27] and 74% obtained for meat industry wastes [5] . The X S varied between 4% [5] and 82% of total COD [27] . The S I fraction varied between 2% of total COD for textile wastewater [28] and 20% of total COD for tannery wastewater [2] . The X I fraction varied between 2% of total COD [27] and 25% for meat industry wastes [5] . The difference between the experimental results and the literature values confirms the need for plant-specific influent characterization.
Conclusions
The COD variability is dependent on time of collection, temperature and period. It can vary in the same plant. It is necessary to estimate these fractions before simulation of activated sludge process. Analyses of the municipal and industrial Tunisian wastewater showed that 56% of total COD was biodegradable with 36% readily biodegradable COD fraction for conventional activated sludge WWTP, 48% of total COD was biodegradable with 21% readily biodegradable COD fraction for extended aeration activated sludge WWTP and 75% of total COD was biodegradable with only 8% readily biodegradable COD fraction for industrial WWTP. Monitoring the respiration rate of sludge samples will be a good indicator for necessary remedial action. A perspective of this work is using respirometer for detecting, identifying, preventing and reducing toxicity. 
